The bZIP transcription factor Nrf2 controls a genetic program that protects cells from oxidative damage and maintains cellular redox homeostasis. Keap1, a BTB-Kelch protein, is the major upstream regulator of Nrf2 and controls both the subcellular localization and steady-state levels of Nrf2. In this report, we demonstrate that Keap1 functions as a substrate adaptor protein for a Cul3-dependent E3 ubiquitin ligase complex. Keap1 assembles into a functional E3 ubiquitin ligase complex with Cul3 and Rbx1 that targets multiple lysine residues located in the N-terminal Neh2 domain of Nrf2 for ubiquitin conjugation both in vivo and in vitro. Keap1-dependent ubiquitination of Nrf2 is inhibited following exposure of cells to quinone-induced oxidative stress and sulforaphane, a cancer-preventive isothiocyanate. A mutant Keap1 protein containing a single cysteine-to-serine substitution at residue 151 within the BTB domain of Keap1 is markedly resistant to inhibition by either quinone-induced oxidative stress or sulforaphane. Inhibition of Keap1-dependent ubiquitination of Nrf2 correlates with decreased association of Keap1 with Cul3. Neither quinone-induced oxidative stress nor sulforaphane disrupts association between Keap1 and Nrf2. Our results suggest that the ability of Keap1 to assemble into a functional E3 ubiquitin ligase complex is the critical determinant that controls steady-state levels of Nrf2 in response to cancer-preventive compounds and oxidative stress.
Eukaryote cells are exposed to both intrinsic and extrinsic sources of reactive oxygen species and other chemically reactive molecules that can damage biological macromolecules, including DNA, proteins, and lipids (22) . Oxidative damage to biological macromolecules can have profound effects on cellular functions and has been implicated in cancer, inflammation, cardiovascular and neurodegenerative diseases, and aging (2, 3, 9, 21, 39, 45) . Eukaryote cells have evolved multiple mechanisms to provide protection from oxidative damage. One major mechanism for protection against oxidative damage involves the coordinated induction of a group of cytoprotective genes that enable cells to neutralize reactive molecules and restore cellular redox homeostasis (14, 41) . These cytoprotective genes, which include classical phase 2 genes, such as the glutathione S-transferases, NAD(P)H oxidoreductase (NQO1), and ␥-glutamyl cysteine synthase, are regulated at the transcriptional level by cis-acting DNA sequences termed antioxidant response elements (AREs) or electrophilic response elements (14, 41, 54) .
The bZIP transcription factor Nrf2 is the major regulator of the cytoprotective ARE-dependent transcriptional program (27, 41) . Nrf2 is a member of the Cap n' Collar (CNC) subclass of bZIP proteins, which share a conserved dimerization and DNA binding domain (38) . Nrf2 binds DNA as a heterodimer with one of several small Maf proteins and is a potent activator of ARE-dependent transcription. The absence of Nrf2 results in impaired basal and inducible expression of genes that encode a diverse array of proteins, including the classical phase 2 proteins, protein chaperones, antioxidant enzymes, and proteins involved in ubiquitin-dependent proteolysis, cell growth, and apoptosis (23, 33, 34, 36, 51) . The absence of Nrf2 does not impair normal development in mice but results in increased sensitivity to chemical-induced stresses (4, 10, 13, 18) , hyperoxia (11) , autoimmune-like nephritis (59) , and chemical-induced carcinogenesis (44) . Conversely, increased expression of Nrf2 protects against neurotoxic agents (35, 47) . Activation of Nrf2-dependent gene expression by plant-derived phytochemicals contributes to the gene products' cancer-preventive properties (50) .
Genetic and biochemical evidence has implicated the Keap1 protein as the major upstream regulator of Nrf2. Keap1 was first identified in a yeast two-hybrid screen by virtue of its ability to bind the N-terminal Neh2 regulatory domain of Nrf2 (15, 25) . Mice that lack Keap1 develop normally during embryogenesis but die soon after birth due to hyperkeratotic constrictions of the esophagus and forestomach (53) . The absence of Keap1 results in constitutive activation of Nrf2-dependent genes, while the postnatal lethality seen in Keap1-deficient mice is reversed in mice that lack both Nrf2 and Keap1 (53) .
The cytoplasmic Keap1 protein is a potent repressor of Nrf2-dependent transcription (25) . Keap1 contains an N-terminal BTB domain, a conserved linker domain, and a C-terminal Kelch domain. The Kelch domain of Keap1 binds to the Neh2 domain of Nrf2 and, together with sequences located within the linker domain, enables Keap1 to sequester Nrf2 in the cytoplasm (25, 60) . The Kelch domain of Keap1 is also able to bind actin, and an intact actin-based cytoskeleton is required for cytoplasmic sequestration of Nrf2 by Keap1 (29) .
Keap1 also regulates steady-state levels of Nrf2. Consistent with several reports that Nrf2 is degraded by the proteasome in a Keap1-dependent manner (26, 37, 40, 49, 60) , we have previously demonstrated that Keap1 is able to target Nrf2 for ubiquitination (60) . In this report, we demonstrate that Keap1 associates with Cul3 and Rbx1 to form a functional E3 ubiquitin ligase complex that targets Nrf2 for ubiquitination both in vivo and in vitro. Our results provide the first direct evidence that a human BTB-Kelch protein can function as a substrate adaptor protein for a Cul3-dependent E3 ubiquitin ligase complex. Our results support the emerging view that proteins with BTB domains can function as substrate adaptors for Cul3-dependent E3 ubiquitin ligase complexes (19, 20, 43, 55, 58) .
The ability of increased Nrf2 expression to protect cells from oxidative damage suggests that small molecules that increase Nrf2-dependent gene expression may have broad therapeutic benefits. Indeed, chemical inducers of Nrf2-dependent gene expression are promising cancer-preventive agents (32, 50) . A large number of small-molecule inducers of Nrf2-dependent gene expression, of both natural and synthetic origins, have been identified, and the ability of these structurally diverse molecules to react with thiols correlates with their ability to activate Nrf2-dependent transcription (17) . In this report, we demonstrate that two well-characterized inducers of Nrf2-dependent transcription, quinone-induced oxidative stress and sulforaphane, a plant-derived isothiocyanate with chemopreventive properties, inhibit Keap1-dependent ubiquitination of Nrf2. A single cysteine-to-serine substitution at position 151 in the BTB domain of Keap1 confers significant resistance to inhibition by either oxidative stress or sulforaphane. Exposure of cells to these chemical inducers decreased association of Keap1 with Cul3. However, these chemical inducers do not disrupt association between Keap1 and Nrf2. Regulation of ubiquitin ligase activity by a single redox-sensitive amino acid of the substrate adaptor protein represents a novel paradigm for regulation of cullin-dependent E3 ubiquitin ligases.
MATERIALS AND METHODS
Construction of recombinant DNA molecules. Plasmids expressing wild-type Keap1, Nrf2, or Gal4-Neh2 proteins have been previously described (60) . The CBD-tagged version of wild-type Keap1 was generated by insertion of a PCRgenerated DNA fragment encoding the chitin binding domain of the Bacillus circulans chitinase A1 gene upstream of the stop codon for Keap1. The Keap1 mutants described in this study were generated by oligonucleotide-directed mutagenesis (46) . Plasmids containing the individual cullin cDNAs were purchased from the American Type Culture Collection. A PCR-generated DNA containing the coding region of each cullin protein was cloned into the SmaI/NotI sites of a hemagglutinin (HA)-tagged pCI vector (Clontech). A Cul3 cDNA containing a stop codon at amino acid 381 was constructed by a PCR-based approach. The Myc-Rbx1 expression vector was obtained from Joan Conaway (28) . The integrity of all of the plasmids used in this study was confirmed by sequence analysis.
Cell culture, transfections, indirect immunofluorescence, and reporter gene assays. COS1 and MDA-MB-231 cells were purchased from the American Type Culture Collection. Cells were maintained in either Dulbecco's modified Eagle's medium or Eagle's minimal essential medium in the presence of 10% fetal bovine serum. Transfections were performed with Lipofectamine Plus (Gibco BRL) according to the manufacturer's instructions. The DNA amounts in each transfection were kept constant by addition of empty pcDNA3 plasmid. The ARE TATA-Inr luciferase reporter plasmid pARE-Luc was obtained from Bill Fahl (54) . A plasmid encoding Renilla luciferase was included in all samples to control for transfection efficiency. Reporter assays were performed using the Promega Dual-Light assay system as previously described (60) .
Antibodies, immunoprecipitation, and immunoblot analysis. The anti-Keap1 antibody has been described previously (60 8 .0], 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS) containing 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride, and protease inhibitor cocktail (Sigma). Cell lysates were precleared with protein A beads and incubated with 2 g of affinity-purified antibodies for 2 h at 4°C, followed by incubation at 4°C with protein A-agarose beads for 2 h. Immunoprecipitated complexes were washed four times with RIPA buffer and eluted in sample buffer by boiling for 4 min, electrophoresed through SDS-polyacrylamide gels, transferred to nitrocellulose membranes, and subjected to immunoblot analysis.
Pulse-chase analyses. Either the labeled cells were collected in RIPA buffer, or the labeling medium was replaced with complete growth medium. Cell lysates were collected in RIPA buffer following the indicated chase periods and subjected to immunoprecipitation with anti-HA antibodies. The immunoprecipitated proteins were electrophoresed through a 7.5% SDS-polyacrylamide gel and visualized by fluorography. The relative intensities of immunoprecipitated Nrf2 were quantified by phosphorimager analysis (FXImager; Bio-Rad).
Ubiquitination of Nrf2. For detection of ubiquitinated Nrf2 in vivo, cells were transfected with expression vectors for HA-ubiquitin, HA-Cul3, Myc-Rbx1, Keap1, and Gal4-Neh2. The transfected cells were exposed to MG132 (Boston Biochem) for 5 h. Cells were lysed by boiling in a buffer containing 2% SDS, 150 mM NaCl, 10 mM Tris-HCl, and 1 mM DTT. This rapid lysis procedure inactivates cellular ubiquitin hydrolases and therefore preserves ubiquitin-Nrf2 conjugates present in cells prior to lysis. Protein-protein interactions, including association of Nrf2 with Keap1, are also disrupted by this lysis procedure. For immunoprecipitation, these lysates were diluted fivefold in buffer lacking SDS and incubated with anti-Gal4 antibodies (8) . Immunoprecipitated proteins were analyzed by immunoblotting with antibodies directed against the HA epitope.
For ubiquitination of Nrf2 in vitro, COS1 cells were transfected with expression vectors for HA-Nrf2, Keap1-CBD, HA-Cul3, and Myc-Rbx1. The transfected cells were lysed in buffer B (15 mM Tris-HCl [pH 7.4], 500 mM NaCl, 0.25% NP-40) containing 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride, and protease inhibitor cocktail. The lysates were precleared with protein A beads prior to incubation with chitin beads (New England Biolabs) for 4 h at 4°C. Chitin beads were washed twice with buffer B, twice with buffer A (25 mM Tris-HCl [pH 7.5], 10% [vol/vol] glycerol, 1 mM EDTA, 0.01% NP-40, 0.1 M NaCl), and twice with reaction buffer (50 mM Tris-HCl [pH 7.5], 5 mM MgCl 2 , 2 mM NaF, 0.6 mM DTT). The pellets were incubated with ubiquitin (300 pmol), E1 (2 pmol), E2-UbcH5a (10 pmol), and ATP (2 mM) in 1ϫ reaction buffer in a total volume of 30 l for 1 h at 37°C. Ubiquitin, E1, and E2-UbcH5a were purchased from Boston Biochem. The chitin beads were centrifuged at 3,000 ϫ g; resuspended in 2% SDS, 150 mM NaCl, 10 mM Tris-HCl (pH 8.0), and 1 mM DTT; and boiled for 5 min to release bound proteins, inactivate any contaminating ubiquitin hydrolases, and disrupt protein-protein interactions. The supernatant was diluted fivefold with buffer lacking SDS prior to immunoprecipitation with anti-Nrf2 antibodies. Immunoprecipitated proteins were subjected to immunoblot analysis with antiubiquitin antibodies.
RESULTS
Association of Keap1 with Cul3 mediates Keap1-dependent ubiquitination of Nrf2. The N-terminal BTB domain of Keap1 is required for efficient repression of Nrf2-dependent gene expression ( Fig. 1) (29, 60) . The well-characterized Skp1 protein, which bridges the Cul1 protein and F-box-containing substrate adaptor proteins, contains a BTB-like fold (61) . Several BTB-domain-containing proteins have been reported to function as substrate adaptor proteins for Cul3-dependent E3 ubiquitin ligase complexes (19, 20, 43, 58) . To determine whether Keap1 is able to associate with one or more of the cullin proteins, expression vectors for several HA-tagged cullin pro-teins were constructed and transfected into COS1 cells along with an expression vector for Keap1. Expression of Keap1 and the individual cullin proteins was confirmed by immunoblot analysis of total cell lysates ( Fig. 2A , top and middle panels). Equivalent amounts of cell lysates were immunoprecipitated with anti-Keap1 antibodies, and the presence of the HAtagged cullin proteins in the anti-Keap1 immunoprecipitates was determined by immunoblot analysis. In agreement with a recent report by Yamamoto and coworkers (31) , both Cul2 and Cul3 were able to associate with Keap1 ( Fig. 2A , bottom panel).
To examine the functional relevance of association between the cullin proteins and Keap1, the ability of the cullin proteins to increase Keap1-dependent ubiquitination of Nrf2 was determined. For these experiments, a Gal4-Neh2 fusion protein containing the N-terminal Neh2 domain of Nrf2 was coexpressed in MDA-MB-231 cells along with HA-ubiquitin, Keap1, and the cullin proteins. Consistent with our previous results (60), the Neh2 domain of Nrf2 is efficiently ubiquitinated by Keap1 in a dose-dependent manner (Fig. 2B , lanes 2 to 5). Expression of Cul3, but neither Cul1 nor Cul2, increased Keap1-dependent ubiquitination of Gal4-Neh2 in a dose-dependent manner (Fig. 2B , lanes 6 to 17). Ectopic expression of Cul3 was most effective at increasing Keap1-dependent ubiquitination of Gal4-Neh2 when Keap1 was expressed at submaximal levels ( Fig. 2B and data not shown), consistent with the notion that Keap1 competes with other BTB-domain-containing proteins for Cul3.
To confirm that Keap1 utilizes Cul3 to target Nrf2 for ubiquitination, the ability of a dominant-negative Cul3 protein to block Keap1-dependent degradation of Nrf2 was determined. A stop codon was introduced at amino acid 381 in Cul3 to construct a truncated protein lacking the C-terminal Rbx1-binding domain of Cul3. Expression of this dominant-negative Cul3 protein in MDA-MB-231 cells inhibited the ability of Keap1 to both target the Gal4-Neh2 protein for ubiquitination ( Fig. 2C ) and decrease the steady-state levels of the full-length Nrf2 protein (Fig. 2D ) in a dose-dependent manner.
Keap1 functions as a substrate adaptor protein for a Cul3/ Rbx1 E3 ubiquitin ligase complex. Cullin proteins function as molecular scaffolds to bring together a substrate adaptor protein and the RING protein, Rbx1 (42) . A specific substrate(s) is brought into the complex by the substrate adaptor protein, while the Rbx1 protein recruits a ubiquitin-charged E2 protein.
To further define the role of Cul3 in Keap1-dependent ubiquitination of Nrf2, we first determined whether Keap1 is able to assemble into a ternary complex with Cul3 and Rbx1. To facilitate purification of Keap1, a chitin binding domain was fused to the C terminus of Keap1 (Keap1-CBD). The presence of the C-terminal chitin binding domain did not alter the ability of Keap1 to associate with either Cul3 or Nrf2 or alter the responsiveness of Keap1 to chemical inducers of Nrf2 (data not shown). Expression vectors for Keap1-CBD, Cul3, and Rbx1 were transfected into COS1 cells, and Keap1 was purified by use of chitin beads. Both Cul3 and Rbx1 were copurified with Keap1, as determined by either immunoblot analysis (Fig.  3A ) or silver staining (data not shown). Copurification of Rbx1 with Keap1-CBD was markedly enhanced in the presence of coexpressed Cul3 (Fig. 3A , lane 4) consistent with the notion that Cul3 functions as a molecular scaffold to assemble both Keap1 and Rbx1 into an E3 ubiquitin ligase complex.
The ability of the Keap1-Cul3-Rbx1 complex to target Nrf2 for ubiquitination and subsequent proteosome-mediated degradation was determined. In one set of experiments, steadystate levels of Nrf2 were determined in MDA-MB-231 cells transfected with expression vectors for Nrf2, Keap1, Rbx1, and one of several cullin proteins. The input amounts of the various plasmid DNAs were carefully titrated so that submaximal repression of Nrf2 steady-state levels by expression of Keap1 alone was achieved. Under these conditions, a marked reduction in steady-state levels of Nrf2 was achieved by coexpression of Cul3 and Rbx1 (Fig. 3B, lane 5) . Treatment of the transfected cells with MG132 prior to cell lysis restored steady-state levels of Nrf2 (Fig. 3B , lane 6). Coexpression of Cul3 and Rbx1 also markedly increased Keap1-dependent ubiquitination of the Gal4-Neh2 fusion protein (Fig. 3C , compare lanes 2 and 4). In contrast, coexpression of Rbx1 with either Cul1 or Cul2 did not alter steady-state levels of Nrf2 (Fig. 3B , lanes 7 and 8) or Keap1-dependent ubiquitination of Gal4-Neh2 (data not shown).
To confirm that the Keap1-Cul3-Rbx1 complex assembles into an active E3 ubiquitin ligase complex, the ability of the Keap1-Cul3-Rbx1 complex to target Nrf2 for ubiquitination in vitro was determined. Expression vectors for Nrf2, Keap-CBD, Cul3, and Rbx1 were transfected into COS1 cells, and the complex was purified by use of chitin beads (Fig. 3D, lower  panel) . As expected, coexpression of Cul3 and Rbx1 along with Keap1 resulted in decreased levels of Nrf2 that were restored by treatment of the transfected cells with MG132 prior to cell lysis (Fig. 3D, bottom panel, compare lanes 2 and 3) . The chitin beads were mixed with purified E1, E2-UbcH5a, and ubiquitin in the presence of ATP. The ubiquitination reactions were terminated by boiling to release proteins from the chitin beads. The samples were immunoprecipitated under stringent denaturing conditions using anti-Nrf2 antibodies. The immunoprecipitated proteins were subjected to immunoblot analysis using antiubiquitin antibodies. Ubiquitination of Nrf2 was markedly enhanced in the presence of both Cul3 and Rbx1 (Fig. 3D, compare lanes 1 and 3) . Importantly, very low levels of ubiquitinated Nrf2 proteins were observed when purified E1 was not included in the reaction (Fig. 3D, lane 4) , confirming that conjugation of ubiquitin onto Nrf2 occurred in vitro. Although the Keap1-Cul3-Rbx1 complex is also able to target Nrf2 for ubiquitination in vivo (Fig. 3C, lane 4) , the ubiquitinNrf2 conjugates formed in vivo are likely removed by ubiquitin hydrolases during cell lysis and purification of the complex. Alternatively, ubiquitination of Nrf2 by the purified Keap1-Cul3-Rbx1 complex may simply be more efficient in vitro, perhaps due to the absence of proteins that compete with Keap1 for binding to Cul3.
Mutations within the BTB domain of Keap1 decrease ubiquitination of Nrf2 but increase ubiquitination of Keap1. Molecular contacts between the cullin proteins and their cognate BTB domain-containing substrate adaptor proteins are highly conserved, as the crystal structure of the Skp1-Cul1-Rbx1 complex has been used to predict amino acids required for association of MEI-26 with the Caenorhabditis elegans Cul3 protein (58, 61) . The corresponding residues in Keap1 are residues 123 to 127 and 160 to 164. Two mutant Keap1 proteins, containing alanine substitutions for amino acids 125 to 127 (Keap1-125A3) and 162 to 164 (Keap1-162A3), were constructed and characterized for their ability to assemble with Cul3 and Rbx1 into a functional E3 complex that targets Nrf2 for ubiquitination. The mutant Keap1 proteins were not impaired in their ability to associate with Nrf2 (data not shown). In the presence of ectopic Cul3 and Rbx1, the mutant Keap1 proteins were expressed at reduced levels in COS1 cells compared to the wild-type Keap1 protein (Fig. 4A, top panel) . Therefore, to compare the ability of the wild-type and mutant Keap1 proteins to associate with Cul3 and Rbx1, the amount of cell lysate used in the affinity purification experiments was normalized such that the input levels of the wild-type and mutant Keap1 4 g, lanes 1 to 4) , HA-Cul3 (0.4 g, lanes 2 to 4), and Myc-Rbx1 (0.4 g, lanes 2 to 4). Lysates from three 60-mm-diameter dishes were pooled for each sample and incubated with chitin beads. After washing, the chitin beads were incubated with E1, E2-UbcH5a, ubiquitin, and ATP. Subsequently, the chitin beads were pelleted and washed, and proteins that were eluted from the beads after boiling were split into two sets of samples. One set was immunoprecipitated with anti-Nrf2 antibodies and then analyzed by immunoblotting with anti-ubiquitin antibodies (top panel). The other set was subjected to immunoblot analysis using anti-HA, anti-CBD, and anti-Myc antibodies (bottom three panels). proteins were approximately equivalent (Fig. 4A , fourth panel from top). To our surprise, association of Cul3 with the mutant Keap1 proteins was not reduced. Rather, increased levels of Cul3 and Rbx1 were observed to be copurified with the mutant Keap1 proteins compared to those with the wild-type protein (Fig. 4A , bottom three panels, compare lane 1 with lanes 2 and 3). Increased association of the mutant Keap1 proteins with Cul3 and Rbx1 was reflected in increased ubiquitination onto the mutant Keap1 proteins (Fig. 4B, compare lanes 3 and 4  with lanes 5 to 8) . However, these mutant Keap1 proteins were unable to cooperate with Cul3 for ubiquitination of the Gal4-Neh2 protein (Fig. 4C, compare lane 4 with lanes 6 and 8) and repression of steady-state levels of Nrf2 (Fig. 4D) . In addition, the mutant Keap1 proteins were impaired in their ability to down-regulate Nrf2-dependent gene expression (Fig. 4E) . Thus, contrary to our expectation based on published reports (58, 61), mutation of conserved residues within the BTB domain of Keap1 did not disrupt association with Cul3. Nevertheless, these mutations disrupt the ability of the Keap1-Cul3-Rbx1 complex to efficiently target Nrf2 for ubiquitination and subsequent proteosome-mediated degradation.
Identification of lysine residues in Nrf2 targeted for ubiquitination by Keap1. The N-terminal Neh2 domain of Nrf2 contains seven lysine residues (Fig. 5A) . The full-length Nrf2 protein contains an additional 32 lysine residues that are potential candidates for Keap1-dependent ubiquitination. To determine whether the seven lysine residues in the Neh2 domain are the major determinants of Keap1-dependent ubiquitination, a mutant Nrf2 protein was constructed in which these lysine residues were replaced by arginine residues (Nrf2-R7). The presence of these seven arginine substitutions did not alter the ability of the Nrf2-R7 protein to coimmunoprecipitate with Keap1 from cotransfected COS1 cells or associate with Keap1 in vitro (data not shown). However, in the presence of coexpressed Keap1, steady-state levels of the Nrf2-R7 protein were markedly increased relative to those of the wild-type Nrf2 protein (Fig. 5B) . To confirm that the observed difference in steady-state levels reflected differences in the stability of the wild-type and mutant Nrf2 proteins, the half-lives of the respective Nrf2 proteins were determined by pulse-chase analysis. The half-life of the wild-type Nrf2 protein in the presence of coexpressed Keap1 was slightly more than 1 h, while the half-life of the Nrf2-R7 protein in the presence of coexpressed Keap1 was nearly 3 h (Table 1) . Furthermore, ubiquitination of the Gal4-Neh2-R7 protein in the presence of coexpressed Keap1 was markedly reduced relative to that of the wild-type Gal4-Neh2 protein, both in vivo (Fig. 5C, lane 11 ) and in vitro (data not shown). Taken together, these experiments demonstrate that one or more lysine residues in the Neh2 domain of Nrf2 are the major determinants of Keap1-dependent ubiquitination of Nrf2.
The Nrf2-R7 cDNA was used to construct "add-back" mutant Nrf2 proteins containing single lysine residues within the Neh2 domain. The steady-state levels of these mutant Nrf2 proteins in the presence of Keap1 were intermediate between the wild-type Nrf2 and the Nrf2-R7 proteins (Fig. 5B) . Pulsechase analysis confirmed that the half-lives of the Nrf2 proteins containing single lysine residues were intermediate between that of the wild-type and Nrf2-R7 proteins (data not shown). The ability of Keap1 to target these add-back mutant Nrf2 proteins for ubiquitination in vivo was also determined. In all cases, the presence of a single lysine residue within the Neh2 domain resulted in increased levels of ubiquitination of the Gal4-Neh2 fusion protein compared to the Gal4-Neh2-R7 fusion protein, particularly for lysine residues 52 and 53 (Fig. 5C,  lanes 6 and 7) . These results indicate that Keap1 targets multiple lysine residues within the Neh2 domain of Nrf2 for ubiquitination.
Keap1-dependent ubiquitination of Nrf2 is inhibited by oxidative stress. The ability of Keap1 to function as a substrate adaptor protein for Cul3 and thereby target Nrf2 for ubiquitin conjugation provides an efficient mechanism for repression of Nrf2 steady-state levels and of Nrf2-dependent transcription. However, exposure of cells to a wide variety of thiol-reactive chemicals results in elevated steady-state levels of Nrf2 and transcriptional activation of the cytoprotective Nrf2-dependent genetic program (1, 26, 49, 60) . For example, we have previously demonstrated that both quinone-induced oxidative stress and sulforaphane, a chemopreventive isothiocyanate, increase the stability of Nrf2 and activate Nrf2-dependent gene expression (60) . Furthermore, members of our laboratory have previously reported that a single cysteine-to-serine substitution at position 151, located within the BTB domain of Keap1, specifically blocked activation of Nrf2-dependent transcription in response to both quinone-induced oxidative stress and sulforaphane (60) .
To determine whether oxidative stress and sulforaphane inhibit the ability of Keap1 to target Nrf2 for ubiquitination, levels of Keap1-dependent ubiquitin conjugation onto the Gal4-Neh2 protein were determined in cells exposed to either t-butylhydroquinone (tBHQ) or sulforaphane prior to cell lysis. Exposure of cells to either tBHQ or sulforaphane markedly decreased levels of ubiquitinated Gal4-Neh2 protein (Fig. 6A,  lanes 1 to 3) . A 4-h exposure of cells to tBHQ resulted in maximal inhibition of Keap1-dependent ubiquitination of Gal4-Neh2 (data not shown). In contrast, the ability of the Keap1-C151S protein to target the Gal4-Neh2 protein for ubiquitination was not inhibited by either tBHQ or sulforaphane (Fig. 6A, lanes 4 to 6) .
To confirm that tBHQ and sulforaphane inhibit the ability of Keap1 to function as a substrate adaptor protein for Cul3, ubiquitination onto the Gal4-Neh2 protein was examined in the presence of both Keap1 and Cul3. Input ratios of Keap1 and Cul3 expression vectors were carefully titrated to achieve maximal ubiquitination onto the Gal4-Neh2 protein in the presence of both Cul3 and Keap1 (Fig. 6B, lanes 1 to 3) . Exposure of the transfected cells to either sulforaphane or tBHQ decreased ubiquitination onto the Gal4-Neh2 protein in the presence of Cul3 and the wild-type Keap1 protein (Fig. 6B,  lanes 4 and 5) . The Keap1-C151S protein was largely resistant to inhibition by either sulforaphane or tBHQ, although a slight decrease in ubiquitination of the Gal4-Neh2 protein was observed following sulforaphane treatment (Fig. 6B, lanes 8 and  9) .
The ability of Keap1 to associate with Cul3 was assessed following treatment of cells with either tBHQ or sulforaphane. Treatment of cells with either tBHQ or sulforaphane decreased the level of Cul3 that was copurified with the wild-type Keap1-CBD protein following affinity purification (Fig. 6C,  lanes 2 to 4) . Association of the Keap1-C151S protein with VOL. 24, 2004 REDOX-REGULATED UBIQUITINATION OF Nrf2 BY Keap1
Cul3 was not significantly affected by either tBHQ or sulforaphane treatment (Fig. 6C, lanes 5 to 7) . Importantly, the amount of Cul3 that was copurified with the Keap1-C151S protein was greater than the amount of Cul3 that was copurified with the wild-type Keap1 protein following treatment with either tBHQ or sulforaphane (Fig, 6C , compare lanes 3 and 6 and lanes 4 and 7), in agreement with the increased ability of the Keap1-C151S protein to target Nrf2 for ubiquitination in cells exposed to either tBHQ or sulforaphane (Fig. 6A and B) . The ability of Nrf2 to associate with Keap1 was assessed following exposure of cells to either tBHQ or sulforaphane. In one experiment, MDA-MB-231 cells transfected with expression vectors for Keap1-CBD and HA-Nrf2 were treated with either tBHQ or sulforaphane for 5 h, and the level of Keap1-associated HA-Nrf2 was assessed by immunoblot analysis following affinity purification using chitin beads. The level of Keap1-associated HA-Nrf2 following treatment with either tBHQ or sulforaphane was markedly increased, in parallel with increased levels of HA-Nrf2 in total cell lysates (Fig. 7A, lanes  2 to 4, compare top and middle panels) . In a second experiment, cells were transfected with an expression vector for Keap1-CBD, and levels of endogenous Nrf2 protein associated with Keap1-CBD were measured following affinity purification of Keap1-CBD (Fig. 7B) . As expected, endogenous Nrf2 was copurified with Keap1 from MG132-treated cells (Fig. 7B,  middle panel, lane 3) . Endogenous Nrf2 was also copurified with Keap1 from both tBHQ and sulforaphane-treated cells (Fig. 7B, middle panel, lanes 4 and 5) . In a third experiment, the level of endogenous Nrf2 associated with the endogenous Keap1 protein was determined by immunoblot analysis following immunoprecipitation with anti-Keap1 antibodies. As expected, elevated levels of Nrf2 in total lysates were observed in cells treated with tBHQ, sulforaphane, or MG132, either individually or in combination (Fig. 7C, upper panel) . The level of endogenous Nrf2 present in anti-Keap1 immunoprecipitates was markedly increased in cells treated with tBHQ, sulforaphane, or MG132 (Fig. 7C, lower panel, lanes 3 to 8) . Taken together, these results suggest that the ability of Keap1 to assemble into a functional E3 ubiquitin ligase complex, not the ability of Nrf2 to associate with Keap1, is the critical factor that is perturbed by these chemical inducers of Nrf2-dependent transcription.
DISCUSSION
In this report, we demonstrate that Keap1 functions as a substrate adaptor protein for a Cul3-dependent E3 ubiquitin ligase complex to target Nrf2 for proteosome-mediated degradation under normal culture conditions. Upon exposure to chemical inducers of Nrf2-dependent transcription, Keap1-dependent ubiquitination of Nrf2 is inhibited, leading to accumulation of Nrf2 and allowing subsequent activation of Nrf2-dependent transcription. Mutation of a single cysteine residue in the BTB domain of Keap1 markedly reduces inhibition of Keap1-dependent ubiquitination of Nrf2 by oxidative stress or sulforaphane. The ability of Keap1 to function as a redoxsensitive substrate adaptor protein for an E3 ubiquitin ligase complex constitutes a novel mechanism by which cells are able to sense and respond to electrophilic chemicals and oxidative stress. Keap1 is one of more than 50 human proteins that share an N-terminal BTB domain, a central linker domain, and a Cterminal Kelch domain. BTB-Kelch proteins appear to have diverse biological roles in the regulation of the cytoskeleton (7, 30, 48) . In Drosophila melanogaster, the Kelch protein, which is the founding member of the BTB-Kelch family, binds actin and regulates the cross-linking of actin filaments at ring canals that form between cells in the D. melanogaster oocyte (30) . In humans, mutations within the GAN1 gene cause giant axonal neuropathy, an autosomal recessive disease characterized by defects in intermediate filament organization in sensorimotor neurons (6) . Our results provide direct biochemical evidence that Keap1 assembles into a functional E3 ubiquitin ligase complex with Cul3 and Rbx1. Several other BTB-Kelch proteins are able to associate with Cul3, including GAN1 (19) . Furthermore, residues within the BTB domain of Keap1 that are conserved in other BTB-Kelch proteins, including a highly conserved serine residue within the BTB domain, S104, are required for ubiquitination of Nrf2 (S.-C. Lo and M. Hannink, unpublished data) and repression of Nrf2-dependent transcription (62) . A glycine substitution at the corresponding residue in GAN1 has been reported in a patient with giant axonal neuropathy (6) . We suggest that the ability of BTB-Kelch proteins to function as substrate adaptors for Cul3-dependent E3 ubiquitin ligase complexes reflects a conserved biochemical function that underlies their diverse biological functions.
The Skp1 protein, which functions as a linker between Cul1 and F-box substrate adaptor proteins, contains a BTB domain fold (61) . The crystal structure of the Skp1-Cul1-Rbx1 complex has been used to predict amino acids required for association of MEI-26, a C. elegans BTB domain protein, with the C. elegans Cul3 protein (58, 61) . Therefore, we constructed two mutant Keap1 proteins that contained alanine substitutions in place of the corresponding residues in Keap1. To our surprise, these mutant Keap1 proteins displayed an increased ability to associate with Cul3 and Rbx1. Our results suggest that Keap1 interacts with Cul3 in a manner distinct from the way in which Skp1 interacts with Cul1. In other experiments, we find that the BTB domain of Keap1 is not sufficient to associate with Cul3 (data not shown), in agreement with a recent report by Yamamoto and coworkers suggesting that the linker domain of Keap1 is critically required for association with Cul3 (31). Nevertheless, the BTB domain of Keap1 is required for efficient down-regulation of steady-state levels of Nrf2 (31, 60) . Furthermore, mutations within the BTB domain of Keap1, as reported in the present study, can result in increased association with Cul3 and increased levels of autoubiquitination. Im- portantly, these mutant Keap1 proteins are impaired in their ability to efficiently target Nrf2 for ubiquitination and subsequent proteosome-mediated degradation. These results suggest that the balance between ubiquitination of substrate (Nrf2) and substrate adaptor (Keap1) may contribute to regulation of the Keap1-Cul3-Rbx1 E3 ubiquitin ligase complex, perhaps by regulating steady-state levels of Keap1. Substrate ubiquitination by cullin-dependent E3 ubiquitin ligase complexes is often tightly regulated by changes in cell physiology induced by environmental signals or cell cycle progression. For example, the well-characterized F-box protein ␤TrCP, which functions as a substrate adaptor protein for Cul1, only recognizes substrate proteins that are phosphorylated on two serine residues embedded within a conserved sequence motif of DSGXS (57) . As a result, the activity of the SCF1 ␤TrCP E3 ubiquitin ligase towards its substrates, which include IB␣ and ␤-catenin, is regulated at the level of substrate binding. We find that inducers of Nrf2, including sulforaphane and quinone-induced oxidative stress, result in accumulation of Nrf2 but do not abolish the ability of Nrf2 to bind to Keap1. Thus, the Keap1-dependent E3 ubiquitin ligase complex, in contrast to other cullin-dependent E3 ubiquitin ligase complexes typified by the SCF1 ␤TrCP complex, is not regulated at the level of substrate binding.
Recent experiments suggest that E3 ubiquitin ligase complexes that assemble around cullin scaffolds undergo cycles of assembly and disassembly that enable exchange of the core cullin-Rbx1 complex between different substrate adaptor proteins (12, 56) . Substrate adaptor exchange is likely to be an important mechanism by which a new substrate molecule is brought into the complex. This substrate adaptor exchange model provides an attractive paradigm for understanding how Keap1-dependent ubiquitination of Nrf2 is regulated by oxidative stress or sulforaphane. Our results demonstrate that both sulforaphane and quinone-induced oxidative stress result in reduced association between Keap1 and Cul3. In contrast, association between Cul3 and the Keap1-C151S mutant protein, which is markedly resistant to inhibition by both sulforaphane and quinone-induced oxidative stress, is not significantly perturbed by either inducer of Nrf2. We propose that exposure of cells to sulforaphane or oxidative stress, by altering the redox state of Cys 151, reduces the ability of Nrf2-bound Keap1 proteins to associate with the Cul3-Rbx1 core complex. As a result, fewer Nrf2 molecules will be targeted for ubiquitination and subsequent degradation, leading to increased accumulation of Nrf2.
Nrf2 must also escape Keap1-mediated cytoplasmic sequestration in order to accumulate in the nucleus and activate gene expression. Keap1 binds to actin via its Kelch repeat domain and pharmacological disruption of the actin cytoskeleton enables Nrf2 to escape Keap1-mediated sequestration in the cytoplasm (29) . Inducers of Nrf2 may perturb the ability of Keap1 to associate with the actin cytoskeleton and thus enable release of Nrf2 into the nucleus. However, our results indicate that neither sulforaphane nor quinone-induced oxidative stress results in quantitative release of Nrf2 from Keap1. An alternative possibility is suggested by the observation that ongoing protein synthesis is required for accumulation of Nrf2 in the nucleus (24, 26) . We propose that, under normal conditions, a single Keap1 protein is able to target multiple Nrf2 proteins for destruction. However, when the ability of Keap1 to efficiently target Nrf2 proteins for degradation is inhibited, each Keap1 protein (or Keap1 dimer) (62) , is only able to sequester a single Nrf2 protein. Thus, newly synthesized Nrf2 proteins will no longer be bound by Keap1 proteins and, instead, accumulate in the nucleus following transport from the cytoplasm. Consistent with this saturation model, overexpression of a Neh-GFP fusion protein enables nuclear accumulation of endogenous Nrf2 (5) .
The ability of structurally diverse chemicals to activate Nrf2-dependent gene expression correlates closely with their reactivity toward thiols (17) . Talalay and coworkers have identified four cysteine residues in Keap1 (Cys 257, Cys 273, Cys 288, and Cys 297) that are preferentially labeled following in vitro exposure of purified Keap1 to a cysteine-reactive alkylating agent (16, 52) . Mutant Keap1 proteins containing serine substitutions for two of these residues (Cys 273 and Cys 288) are impaired in their ability to target Nrf2 for ubiquitination and to repress Nrf2-dependent gene expression in transfected cells (52, 60) . In a previous study, members of our laboratory demonstrated that Cys 151 is required for both a novel redoxdependent alteration in Keap1 in cells exposed to oxidative stress and the ability of oxidative stress to activate Nrf2-dependent gene expression (60) . In the present work, we demonstrate that Cys 151 is required for inhibition of Keap1-dependent ubiquitination of Nrf2 by both sulforaphane and oxidative stress. Taken together, our results and those reported by Talalay's group suggest that multiple cysteine residues in Keap1 are capable of undergoing redox-dependent alterations. Identification of redox-dependent biochemical modifications that occur on the endogenous Keap1 protein will further our understanding of how cells sense the presence of reactive molecules and activate an Nrf2-dependent transcription program that protects sensitive biological molecules from chemical and oxidative damage.
